The initial microstructure and mechanical properties of composite powders have a vital role in determining the microstructure and mechanical properties of the subsequent consolidated bulk composites. In this work, Al-based matrix composite powders with a dense and uniform distribution of metallic glass nanoparticles were obtained by high-energy milling. The results show that high-energy milling is an effective method for varying the microstructure and mechanical properties of the composite powders, thereby offering the ability to control the final microstructure and properties of the bulk composites. It was found that the composite powders show a deformed layer combined with an undeformed core after milling. The reinforcements, metallic glass microparticles, are fractured into dense distributed nanoparticles in the deformed layer, owing to the severe plastic deformation, while in the undeformed core, the metallic glass microparticles are maintained. Therefore, a bimodal structure was obtained, showing a mechanical bimodal structure that has much higher hardness in the outer layer than the center core. The hardness of the composite particles increases significantly with increasing milling time, due to dispersion strengthening and work hardening.
Introduction
Al-based metal matrix composites (AMMCs) have low density, high specific strength, and high specific stiffness [1] [2] [3] [4] [5] ; thus, they have been considered preferentially as an ideal engineering material for lightweight applications in the aerospace, defense and automotive industries [6, 7] . However, AMMCs usually show high strength, but limited ductility, due to the defects that exist in the AMMCs, where cracks and premature failure occur [8] . There are several typical defects that occur in the most common AMMCs (ceramics as reinforcements), such as agglomeration, porosity, and detrimental interfacial reactions, which severely limits their wider application [9] [10] [11] . To avoid these defects, non-ceramic reinforcements have been developed, such as metallic glass [12] [13] [14] [15] [16] , quasicrystalline [17] , TNM Ti-Al alloy [18] etc.
Metallic glasses have high strength, large elastic limit, high corrosion resistance, and good wettability with the metal matrix; therefore, they are able to overcome the disadvantages that are commonly associated with conventional ceramic reinforcing phases [19, 20] . Good bonding between the metallic glass (MG) reinforcements and metal matrices have been observed [1, [21] [22] [23] . For example, a 5 nm thickness interdifussion interface layer exists in the Zr-based MG short fiber reinforced Al7075 alloy, and no detrimental intermetallic compounds formed, which is helpful for avoiding crack origination near the interface, and hence improving strength and ductility [1] . Similar also been reported for Al matrix composites reinforced with Ni-Nb metallic glass particles [4] . Due to the above-mentioned advantages, it has been shown that metallic glass shows excellent strengthening effects in metals such as aluminum [12, 21, 24, 25] , magnesium [26] and copper alloys [27, 28] . However, despite the high strengthening effect obtained for aluminum and aluminum alloys by adding MG reinforcement, the ductility of these AMMCs is still relatively low [29] . The main reason for this is that the MG reinforcements used are microparticles, where high local stress concentration can occur and cause microcracks [30] . The microcracks can propagate during subsequent loading and plastic deformation, and can finally lead to the failure of composites. It has been proved that nanoparticles have less stress concentration during loading than the microparticles in AMMCs, and therefore have better mechanical properties for the nanocomposites [31, 32] . It has been found that both high strength and reasonable ductility can be obtained for the nanocomposites reinforced with ceramic nanoparticles [33] . Similar to ceramic nanoparticle reinforced composites, composites reinforced with MG nanoparticles may have better strength and ductility than MG microparticle reinforced composites, and could be a good candidate for AMMCs in terms of acquiring both high strength and high ductility. However, owing to the difficulty of obtaining MG nanoparticles, preliminary works have mostly focused on micro-sized particle (>5 µm) reinforcing composites, and research on nano-sized metallic glass reinforcements has only rarely been performed [12, 15] . Another challenge is that it is difficult to fabricate the composites with a uniform dispersion of MG nanoparticles [12, 22, 29] . In this work, a powder metallurgical route was developed to fabricate nanocomposite powder where MG nanoparticles are uniformly distributed in the Al alloy matrix, which may be beneficial for designing and fabricating the novel nanocomposites reinforced with metallic glass nanoparticles.
Materials and Methods
Initially, 92 vol % gas atomized Al7075 alloy powders (size: 10 µm) and 8 vol % MG powders (size: 20-50 µm) were mixed. The chemical composition of the Al7075 aluminum alloy power is shown in Table 1 . The composition of MG powder is Ti 52 Cu 20 Ni 17 Al 11 and was synthesized by mechanical alloying using a high-energy planetary ball mill (QM-2SP20, Nanjing NanDa Instrument Plant, Nanjing, China). Then, the mixed composite powders were further ball-milled by a QM-2SP20 planetary ball mill with stainless steel balls and vials under a protective argon atmosphere (99.999%, 0.5 MPa). The diameters of the stainless steel balls were 15 mm, 10 mm, and 6 mm with a weight ratio of 1:3:1. The ball-to-powder mass ratio was approximately 10:1. A few drops of ethanol were added into the milling vials as a process control agent. The powders were milled at a milling speed of 245 rpm for 10 h, 15 h, 20 h, 30 h and 50 h, respectively. All samples handling were carried out in a glove box under purified Ar atmosphere in order to minimize atmospheric contamination. Phase analysis of the powders was performed by X-ray diffraction technique (XRD; D8-Advance, Bruker, Karlsruhe, Germany) with Cu-Kα radiation (λ = 0.15418). The thermal stability of the powders was measured by differential scanning calorimetry (DSC; STA449C, NETSCH, Bavaria, Germany) under a high-purity argon atmosphere at a heating rate of 10 K/min. The microstructure was examined using scanning electron microscope (SEM; Quanta 2000; FEI (Thermo Fisher Scientific), Hillsboro, OR, USA) with energy-dispersive X-ray spectroscopy (EDS; FEI (Thermo Fisher Scientific), Hillsboro, OR, USA). By measuring the dimensions of at least 60 particles for each milled sample, the average particle size and size distribution of the powders were evaluated. Microhardness measurements were conducted by a computer-controlled SCTMC Vickers hardness tester (Shanghai Shangcai, Shanghai, China) using a load of 25 g and indenter dwell time of 15 s. The microhardness test of each sample includes the arithmetic mean of 20 successive indentations, and at least three samples were tested for each parameter. The volume fraction was calculated from the SEM micrographs; at least five measurements were conducted for each sample.
Results and Discussion

Raw Material Morphology
The micrographs of Ti 52 Cu 20 Ni 17 Al 11 powders and gas-atomized Al7075 powders are shown in Figure 1 . The Ti 52 Cu 20 Ni 17 Al 11 MG powders show a near-spherical morphology with a size ranging from 20 µm to 50 µm. The atomized Al7075 powders have a mean particle size of about 10 µm and a near spherical morphology.
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As is shown in Figure 6 , the composite powders were broken into many smaller powders when the milling time was increased to more than 30 h. The main reason for this is that cold working enhanced with milling, which would result in work hardening [34] . Therefore, the composite powders became more and more brittle with increasing milling time, and gradually fractured into many smaller powders, which can be clearly seen in Figure 6d . A phenomenon was also observed, in the mechanical milling of Al-B4C nanocomposite powders, whereby large particles became brittle in the late milling stage, and then gradually fractured [37] . Fractured small powders further facilitate plastic deformation, and therefore a dense and uniform dispersion of MG nanoparticles in the matrix ultimately formed. The morphological and microstructure changes in composite powders with milling are further schematically illustrated in Figure 8 . As is shown in Figure 6 , the composite powders were broken into many smaller powders when the milling time was increased to more than 30 h. The main reason for this is that cold working enhanced with milling, which would result in work hardening [34] . Therefore, the composite powders became more and more brittle with increasing milling time, and gradually fractured into many smaller powders, which can be clearly seen in Figure 6d . A phenomenon was also observed, in the Metals 2017, 7, 425 7 of 10 mechanical milling of Al-B 4 C nanocomposite powders, whereby large particles became brittle in the late milling stage, and then gradually fractured [37] . Fractured small powders further facilitate plastic deformation, and therefore a dense and uniform dispersion of MG nanoparticles in the matrix ultimately formed. The morphological and microstructure changes in composite powders with milling are further schematically illustrated in Figure 8 . 
Evaluation of Mechanical Properties
Microhardness measurements were carried out on the milled composite powders in order to evaluate the mechanical property as a function of milling time, as given in Figure 9 . The deformed layer shows a much higher hardness than the less deformed center part (Figure 9b ), which shows a mechanical bimodal microstructure. The average hardness of the composite powders is shown in Figure 9a , in which it can be seen that the hardness increased with increasing milling time, from 142 ± 6.1 HV for unmilled powders to 423 ± 12.3 HV for the powders milled for 50 h. The increase in hardness can be attributed to the collective consequences of (i) dispersion strengthening: The fragmentation of the nano-sized metallic glass and their uniform dispersion in the matrix are important for achieving high hardness of the composite powder [33] . This observation is in good agreement with the gradually increasing fraction of the deformed layer in which dense and fine MG particles remained; and (ii) Strain hardening: It is noteworthy that severe plastic deformation caused by high-energy ball milling generated higher amounts of lattice defects, such as dislocations, in the Al matrix [38] . These defects and their interaction with themselves and with the nano-sized metallic glass led to the hardness increment of the composite powder. Figure 8 . Schematic illustration of the morphological and microstructure evolution in composite powders with milling, the gray parts represent Al7075 powders, the white parts represent Ti-MG particles, the red parts represent the deformed layer caused by plastic deformation.
Microhardness measurements were carried out on the milled composite powders in order to evaluate the mechanical property as a function of milling time, as given in Figure 9 . The deformed layer shows a much higher hardness than the less deformed center part (Figure 9b ), which shows a mechanical bimodal microstructure. The average hardness of the composite powders is shown in Figure 9a , in which it can be seen that the hardness increased with increasing milling time, from 142 ± 6.1 HV for unmilled powders to 423 ± 12.3 HV for the powders milled for 50 h. The increase in hardness can be attributed to the collective consequences of (i) dispersion strengthening: The fragmentation of the nano-sized metallic glass and their uniform dispersion in the matrix are important for achieving high hardness of the composite powder [33] . This observation is in good agreement with the gradually increasing fraction of the deformed layer in which dense and fine MG particles remained; and (ii) Strain hardening: It is noteworthy that severe plastic deformation caused by high-energy ball milling generated higher amounts of lattice defects, such as dislocations, in the Al matrix [38] . These defects and their interaction with themselves and with the nano-sized metallic glass led to the hardness increment of the composite powder. 
Conclusions
(1) Al7075 composite powders reinforced by a dense and uniform dispersed nano-scaled Ti-based MG particles were fabricated through ball milling. (2) The high energy impact between the balls and vials during milling results into severe plastic 
